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Structural and Functional Versatility of the Amyloidogenic
Non-Amidated Variant of the Antimicrobial Peptide Citropin
1.3

Fabio Strati, Mariana Pigozzi Cali, Yehudi Bloch, Siavash Mostafavi, Jim Monistrol,
Aleksandr Golubev, Bader Rayan, Emil Gustavsson, and Meytal Landau*

Citropin 1.3 is an antimicrobial peptide secreted by the amphibian Litoria
citropa (Southern bell frog). In this study, the structural and functional
properties of its non-amidated form, which self-assembles into distinct
fibrillar architectures, are investigated. Using cryogenic electron microscopy,
X-ray crystallography, and fluorescence microscopy with model membranes
and cells, diverse supramolecular structures, including canonical amyloid
fibrils, multilayered nanotubes, and a novel mixed fibril type, are identified. In
giant unilamellar vesicles, citropin 1.3 promoted membrane fusion and
underwent lipid-induced phase separation. In mammalian cells, it
permeabilized membranes, induced cell death, and colocalized with nucleic
acids. These findings link antimicrobial activity to amyloid assembly and
highlight the peptide’s structural plasticity and potential biological functions,
offering new insights into amyloid-based antimicrobial mechanisms.

1. Introduction

The self-assembly of proteins and peptides into amyloid fibrils
is associated with a wide range of functions and applications. Of
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note, more than 20 human pathologies,
including Alzheimer’s and Parkinson’s
diseases, are amyloid-associated diseases
whose hallmark is the presence of extracel-
lular or intracellular deposits of insoluble
protein aggregates defined as amyloid
plaques.[1,2] Self-assembly into amyloid
fibrils is also connected to functional roles
in the life cycles of different organisms.
In bacteria, amyloid fibrils have been
observed to act as biofilm stabilizers[3,4]

and to serve as toxins for cell invasion.[4,5]

Some eukaryotic organisms secrete an-
timicrobial peptides (AMPs) that have
been demonstrated to self-aggregate into
amyloid fibrils which then attack and lyse
pathogenic bacteria.[6] Human amyloids
linked to neurodegenerative and sys-
temic diseases have also shown to exhibit

antimicrobial activity, highlighting the significance of the
amyloid-antimicrobial connection and the importance of the in-
vestigation of amyloid-forming AMPs.[6–11]

Amyloids mostly share a typical cross-𝛽 structure formed by
tightly packed 𝛽-sheets usually arranged in the so-called steric
zipper conformation, an extremely stable motif responsible for
the peculiar stiffness and resistance of amyloid fibrils. In the
past years, high-resolution studies of virulent and AMP fibrils re-
vealed new morphologies extending beyond the canonical amy-
loid cross-𝛽 structure including the discovery of cross-𝛼 fibrils
composed of stacked 𝛼-helices.[12,13] Surprisingly, some of these
peptides have been observed in biophysical and structural stud-
ies to form either or both cross-𝛼 and -𝛽 fibrils, a type of poly-
morphism hypothesized to be related to the functional role of the
peptide itself.
The amphibian AMP uperin 3.5 is currently the only AMP

known to exhibit both cross-𝛼 and cross-𝛽 fibril structures at
high resolution, determined by X-ray crystallography and cryo-
electron microscopy (cryo-EM), respectively.[6,14] These struc-
tures revealed secondary structure polymorphism, which is
highly unusual among proteins and peptides with available 3D
structures.[15,16] Another amphibian AMP, aurein 3.3, forms
amyloid fibrils with a cryo-EM structure that revealed an atypical
fibril architecture composed of kinked 𝛽-sheets.[14] This structure
resembles functional amyloids known as LARKS (low-complexity
aromatic-rich kinked segments).[17,18] The fibril-forming poten-
tial of aurein 3.3 was predicted using a computational platform

Adv. Sci. 2025, 12, e03997 e03997 (1 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedscience.com
mailto:meytal.landau@cssb-hamburg.de
https://doi.org/10.1002/advs.202503997
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202503997&domain=pdf&date_stamp=2025-09-28


www.advancedsciencenews.com www.advancedscience.com

designed to identify fibril-formingAMPs.[15] Using the same plat-
form, citropin 1.3 was also identified as a potential fibril-forming
peptide. Here, we report its structure and activity, providing fur-
ther insights into the fibril-forming tendencies of AMPs.
Citropins are a family of 19 peptides secreted from the

skin of the amphibian Litoria citropa, several of which have
demonstrated antimicrobial activity.[19] In particular, citropin 1.1
(GLFDVIKKVASVIGGL-NH2) and some of its analogues have
been extensively studied for their broad-spectrum antibacterial
activity mostly against Gram-positive bacteria,[20–22] as well as
their potential anticancer properties.[23,24] While there was no
prior evidence that citropins form amyloids, our computational
platform previously identified the non-amidated form of citropin
1.3 (UniProt ID: P81846; sequence: GLFDIIKKVASVIGGL-OH)
as a fibril-forming peptide.[15] In this study, we investigated its
structure–activity relationship (SAR). Employing cryo-EM and X-
ray crystallography, we determined its high-resolution structures,
while fluorescence microscopy was used to observe dynamic cel-
lular processes in real-time. Our analysis revealed a wide spec-
trum of fibrillar structures, ranging from canonical amyloid fib-
rils to nanotubes, demonstrating significant structural polymor-
phism influenced by the aqueous environment and the pres-
ence of lipid vesicles. Notably, fluorescence microscopy unveiled
liquid-liquid phase separation (LLPS) of citropin 1.3 in the pres-
ence of phospholipids. In both bacterial and mammalian cellu-
lar environments, citropin 1.3 was internalized. In mammalian
cells, it colocalized with genetic material and formed droplet-like
condensates in the cytosol.
This work uncovers novel structural insights and extensive

polymorphism at both the secondary and quaternary levels, offer-
ing a deeper understanding of the SAR, cellular interactions, and
phase separation properties of citropin 1.3. These findings pro-
vide compelling evidence supporting the antimicrobial-amyloid
link at high resolution, and particularly in the context of cellular
toxicity. Moreover, this study introduces promising research di-
rections to investigate the mechanisms underlying amyloid toxi-
city and explore their potential implications for future therapeutic
applications.

2. Results

2.1. Condition-Dependent Aggregation of Citropin 1.3 Revealed
by Cryo-EM

Lyophilized citropin 1.3 was dissolved in different aqueous solu-
tions to monitor its aggregation under different conditions. After
following fibril growth via negative stain transmission electron
microscopy (TEM), the samples were cryo-plunged and imaged.
A total of three datasets were acquired in different conditions:
I) 1 mm citropin 1.3 in 50 mm NaCl, measured to be at pH 5;
II) 1 mm citropin 1.3 in 10 mm phosphate-buffered saline (PBS)
at pH 7.4; III) 500 μm citropin 1.3 in 10 mm PBS at pH 7.4 in
the presence of 2.5 mm negatively charged liposomes (composi-
tion is described in the Experimental section). The peptide was
incubated for 48 and 24 h in the datasets with and without lipo-
somes respectively. These different aqueous conditions were cho-
sen to mimic distinct environments and to probe their influence
on peptide aggregation.

A distinct difference in aggregate morphology was observed,
with canonical amyloids formed in 50 mm NaCl (Figure S1A,
Supporting Information) while wide nanotubes formed in PBS
at pH 7.4 (Figure S1B, Supporting Information). The presence
of negatively charged liposomes induced the formation of three
distinct canonical amyloids polymorphs (Figure S1C, Supporting
Information). Unfortunately, no high-resolution structures have
been obtained at pH 7.4 without liposomes since the formed nan-
otubes possessed multiple internal symmetries (Figure S2, Sup-
porting Information), which made the data processing inconclu-
sive. Therefore, this dataset will not be further discussed.

2.2. Cryo-EM Structures of Citropin 1.3 at pH 5 in 50 mm NaCl

Four main fibril morphologies have been identified and labeled
from I to IV (Figure S3A, Supporting Information) according to
their relative particle count after extraction. The presence in the
corresponding 2D classes of layer lines perpendicular to the fila-
ment axis at a spacing of ≈4.75 Å,[25,26] together with the analy-
sis of the averaged power spectra, clearly showed that three poly-
morphs (Pol II, III, and IV) consisted of canonical amyloids with
stacking of 𝛽-sheets along the z-axis (Figure S3A, Supporting In-
formation).
We determined the 3D structure of Pol II and III fibrils, how-

ever we were not able to improve the resolution of Pol IV to suf-
ficiently determine the staggering structure of 𝛽-strands. Never-
theless, the three polymorphs showed distinct peptide arrange-
ments indicating no transition of one polymorph to the other
within the same fibril (Figure S3A, Supporting Information). The
reconstructed volume of Pol II yielded a 2.8 Å resolution map ex-
hibiting C3i pseudo-symmetry, arranged in a triskelion-like mo-
tif with three chains per layer (Figure 1A). Due to reasons that
might be connected to intrinsic chain flexibility, only the inter-
nal strands of the map could be solved at high enough resolution
allowing us to model this part of the map, while it is possible
that additional peptide chains flank the fibril core. The model
showed excellent fitting of the full-length peptide into the ob-
tained map (Figure 1A). Each strand presented a kink of almost
90° at residue Lys8, which forms a cis-like bond with Lys7, dis-
playing angles typical of a left-handed 𝛼-helix (Figure S4E, Sup-
porting Information). The kink creates a motif similar to the one
of the LARKS and disruption of the 𝛽-sheets backbone hydrogen
bonds (H-bonds) (Figure S4A, Supporting Information).[17,18] H-
bonds were formed between the positively charged amine of
Lys8 and the carboxyl of C-terminal Leu16 from adjacent chains
(Figure 1A).
The structure of Pol III showed a C2 rotational symmetry

and resolution of 3.1 Å with fully extended 𝛽-sheets and four
monomers per layer, displaying extra peptide chain densities
flanking the fibril core (Figure 1B). Strands aI and bI presented
fully extended chains with the entire sequence fitting inside the
cryo-EM density (Figure 1B). Continuous 𝛽-sheets are formed for
chain aI between Ile6 and Ser11, and for chain bI between Phe3
and Ser11. In addition to backbone H-bonds along the 𝛽-sheets,
an interchain H-bond connects the N-terminal amine group of
Gly1 and the carboxyl of Asp4 formed in each strand, potentially
creating a turn at the N-terminal end (Figure 1B,C; Figure S5A,
Supporting Information). Finally, interchain electrostatic
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Figure 1. Amyloid structures of citropin 1.3 incubated in 50 mm NaCl and pH 5. A) Polymorph II (PDB ID: 9HGL) displaying three peptide chain per
layer, marked I,II,III. B) Polymorph III (PDB ID: 9HGB) displaying four peptide chains per layer, marked aI,aII,bI,bII. Both polymorphs contain potential
additional protein chains suggested by an incomplete map flanking the resolved fibril part. A,B) Left panels: atomic model of a single layer built into
the Coulomb density with visualization of low-resolution densities. Middle panels: Three-layered density map featuring the fit of the atomic model,
accompanied by close-up insets highlighting the formed hydrogen bond between the C-terminal carboxyl backbone group of Leu16I and the side chain
of Lys8III (A) or between Leu16(aI) and Lys7(bI), and Leu16(aII) and Lys7(bII) (B). Left panels: full maps with reported twist. C) Cartoon of residue
properties within the fibril cross-section. Hydrophobic, polar, and negatively/positively charged residues are indicated in white, green, red, and blue,
respectively.
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Figure 2. Polymorph I power spectra interpretation and map analysis. A) Averaged power spectra of Polymorph I, main visible features are the 4.75
Å peaks highlighted by triangular markers rotated by 52° from the meridian axes indicating stacking of 𝛽-sheets, and a 10 Å ring typical for lateral
interaction of 𝛽-sheets, both common features of amyloid fibrils. However, the 𝛽-sheets to the fibril axis with at a 52° angle. B) Representative NaCl 50
mm pH 5 dataset micrograph with Polymorph I filament and visualization of cross-over distance with 670 Å periodicity, scale bar 500 Å. C) Map of the
reconstructed density with insights in each internal layer of the fibril. In the outer layer, predicted 𝛼-helices of the monomer (AlphaFoldDB: P81846) wrap
the structures along the vertical axis. In the central layer, the density resembles amyloid-like 𝛽-sheets, a conclusion supported by the 52° angle observed
in the density and confirmed by the corresponding power spectra. Finally, the third and innermost layer shows unresolved features. D) The measured
distance between 𝛽-sheets in the middle layer is ≈5 Å. E) Cross-section and orthogonal view of the map with clear separation of three layers along the
vertical (top) and horizontal (bottom) axes.

interactions potentially form between the amine of Lys7 side
chain and the C-terminal carboxyl group of Leu16 in both chain
pairs, resulting in a total of four electrostatic bonds per layer. Two
of these bonds are facing the middle of the fibrillar arrangement.
The two others are located at the outer surface of the fibril
from both sides, which are potentially flanked by additional
protein chains suggested by an incomplete and disordered map
(Figure 1B).

Finally, Pol I, as observable from the power spectra and from
the 2D class averages (Figure 2A; Figure S6A, Supporting Infor-
mation) presented a novel fibrilmorphology. Reflections in differ-
ent layer lines typical of helical polymers were present simultane-
ously to four reflections at 4.75 Å rotated by 52° from the merid-
ian, and a ring at 10 Å, features that suggest the formation of an
amyloid fibrils.[27–29] However, the 𝛽-sheets do not stack perpen-
dicular to the fibril axis as in most known amyloids, but at a 52°
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angle. An analysis of the fibrils in the micrographs (Figure 2B),
showed a crossover typical of amyloids, a feature also observed
in the 2D class (Figure S6A, Supporting Information). 3D heli-
cal refinements without symmetry imposition performed with
the software package cryoSPARC generated a map with a reso-
lution of 4.85 Å (Figure S6B, Supporting Information),[30] reveal-
ing the formation of a nanotube with an oval cross-section made
of three concentric layers (Figure 2C,E). The obtained resolution
did not allow the modelling of the peptide into the map densi-
ties. However, looking at each individual layer combined with the
information from the power spectra, allowed us to speculate on
its secondary structure arrangement. In the first, outer, layer, su-
perimposing 𝛼-helices of citropin 1.3 predicted by AlphaFold (Al-
phaFoldDB: P81846) onto themap suggested the formation of an
array of helices that surrounds the outer layer (Figure 2C). In the
second,middle, layer, we hypothesize that the densities consist of
stacked 𝛽-sheets along the vertical axes with a tilt of 52° in agree-
ment with the power spectra (Figure 2A,C) and a measured dis-
tance between 𝛽-sheets of circa 5 Å (Figure 2D), suggesting that
this layer might consist of amyloid-like 𝛽-sheets that do not stack
perpendicular to the nanotube. The inner layer is too poorly re-
solved. Overall, this fibril polymorph showed a novelmorphology
which might represent the first case of a mixed amyloid-polymer
fibril with both 𝛼- and 𝛽- secondary structures.

2.3. Crystal Structure of Citropin 1.3 Reveals 𝜶-Helices
Assembling into a Nanotube-Like Supramolecular Structure

Citropin 1.3 was found to form cubic microcrystals, which
diffracted to a resolution of 1.6 Å. The crystal structure revealed
two chains of the 16-residue peptide within the asymmetric
unit (Figure S7A, Supporting Information). These peptide chains
adopt 𝛼-helical conformations, tightly packed through hydropho-
bic interactions involving residues such as Ile5, Val9, Val12, and
Leu16. Additionally, a hydrogen bond is formed between Lys8 on
chain B and Ser11 on chain A. Each chain also exhibits an inter-
nal electrostatic interaction between Lys8 and Asp4.
The 𝛼-helical dimers further assemble into a spiraling

supramolecular structure (Figure 3). Inter-dimer interactions
include tight packing between Phe3 and Lys7 of neighbor-
ing chain Bs, alongside interactions with Leu16 from chain
A (Figure S7B, Supporting Information). Furthermore, Ala10
and Ile13 from chains A and B of adjacent dimers engage in
hydrophobic packing, as do Leu2 and Ile5 from neighboring
A chains (Figure S7C, Supporting Information). These tightly
packed helices collectively form a supramolecular assembly re-
sembling a nanotube (Figure 3). The fibril’s surface features al-
ternating hydrophobic and positively charged zigzagged belts
(Figure 3). This unique surface topology likely facilitates inter-
actions with and subsequent disruption of negatively charged
lipid bilayers, such as bacterial membranes. The potential for-
mation of such nanotubes in non-crystalline environments re-
mains unexplored. Nonetheless, the structure confirms that cit-
ropin 1.3 can adopt 𝛼-helical conformations in addition to the
𝛽-strand-rich structures observed in cryo-EM studies. The crystal
packing suggests a propensity for supramolecular assembly in
the helical form, although its physiological relevance is yet to be
determined.

2.4. Cryo-EM Structures of Citropin 1.3 in the Presence of
Liposomes in 10 mm PBS pH 7.4

To investigate the interactions and effects of citropin 1.3 on bac-
terial membranes, we employed a model system consisting of
simple negatively charged liposomes, composed of multilamel-
lar vesicles (details provided in the Experimental section). Cit-
ropin 1.3 was incubated in PBS at pH 7.4 for several hours with
the liposomes at a 1:5 molar ratio (peptide:liposome) and subse-
quently immobilized on cryo-EM grids. The resulting dataset re-
vealed three distinct fibril morphologies (Figure S8, Supporting
Information), which were resolved at high resolution.
The fibril with most particles, Pol I-L, presented a C3i screw

symmetry with propeller shape (Figure 4A) at a resolution of 2.98
Å showing three peptide chains per layer and a flexible region
loosely bound to the main chain (Figure S8, Supporting Infor-
mation). Pol I-L closely resembled the previous Pol II triskelion
(Figure 1A) in terms of symmetry and peptide arrangement, with
some major differences in terms of 𝛽-sheets configuration and
H-bonds formation. The main difference between the two fib-
rils was the extent of the kink observed around Lys8 in Pol II. In
Pol I-L, instead of the kink there is a classic trans-bond between
Lys8 and Lys7, without interruption of the backbone H-bonds,
displaying a continuous 𝛽-sheet between Asp4-Ile12 (Figure 4A;
Figure S9, Supporting Information). In addition, an interchain
H-bond between Gly1 and Asp4 was formed (Figure S9A, Sup-
porting Information), similarly to Pol III.
The second and third fibril polymorph of the dataset, Pol II-L

and III-L, presented identical morphologies which differed only
in twist and crossover (Table 1). Pol II-L and III-L had a reso-
lution of 3.20 and 3.58 Å, respectively, with C2 symmetry from
which two chains per layer could be modelled (Figure 4B,C) with
loose extra densities similar to Pol I-L (Figure S8, Supporting In-
formation). For both maps, the fitted peptide presented an ex-
tended 𝛽-sheet betweenAsp4 and Ile10with a LARKS kinkedmo-
tif at residues Val12 and Leu13 where a cis-bond and angles typ-
ical of 𝛼-helices were formed (Figures S10A and S11A, Support-
ing Information). In the core of the structure, the amine groups
of Lys7, and the C-terminal carboxyl groups of Leu16 formed
crossed salt bridges resulting in a very tight interaction. Differ-
ently from other polymorphs, Pol II-L and lII-L showed a marked
twist of −4.12° and −5.47°, respectively with a strong in-plane
chain tilt (Figures S9 and S10, Supporting Information). Over-
all, a larger fibril twist is observed in the polymorphs grown in
the presence of liposomes at 10 mm PBS pH 7.4 (Figure 4) com-
pared to the fibril polymorphs grown with 50 mm NaCl at pH 5
(Figure 1).

2.5. Citropin 1.3 Induces Lipid Vesicle Fusion and Undergoes
LLPS

The interaction of citropin 1.3 with membranes was explored
using fluorescently labeled giant unilamellar vesicles (GUVs)
with a net negative charge (composition is detailed in the Ex-
perimental section),[31,32] as a simple model system of a Gram-
positive bacteria. The advantage of using GUVs is the possi-
bility to follow a single membrane bilayer and therefore un-
derstanding the influence of citropin 1.3 on membrane in-
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Figure 3. Crystal Structure of citropin 1.3 forms spiraling 𝛼-helices assembling into nanotubes. The figure illustrates the nanotube structure (PDB ID:
9HPP) of citropin 1.3 from two perpendicular orientations, presented in three different representations: secondary structure with helices depicted in grey
(top), and surface representations colored by hydrophobicity (middle pane) and electrostatics (bottom). The nanotube features a hydrophobic surface
channel running along its length, with an approximate diameter of 40–50 Å. Due to the cubic nature of the crystal packing, these nanotubes are oriented
along all dimensions of the crystal lattice.

tegrity. Citropin 1.3 was labeled with fluorescein isothiocyanate
(FITC) at the N-terminal end (FITC-GLFDIIKKVASVIGGL-
OH), which retained fibril-forming ability (Figure S12, Sup-
porting Information), and the interactions were monitored
via fluorescence microscopy in a time course experiment
(Figure5).
In the absence of the peptide (t = 0 min), big spherical GUVs

were visible (Figure 5A). After the peptide injection and diffu-
sion in the well, the peptide slowly started to accumulate on the
membrane (t = 10 min), inducing the merging of neighboring
GUVs into a single larger vesicle (t = 20 min). Such fusion-based
mechanism causes the permeabilization of membranes, a mech-
anism that differs from the classical lytic effect on membranes
exploited by similar peptides.[22] In the last two time points (t= 17
min and t = 20 min), it was possible to observe the formation of
droplets as indicated by the triangular markers (Figure 5A). This
indicates the incorporation of the FITC-labeled peptide into con-
densates. The liquid properties of these condensates were subse-

quently confirmed by fluorescence recovery after photobleaching
(FRAP) (Figure 5B; Figure S13, Supporting Information), sup-
porting LLPS.[33]

Citropin 1.3-mediated fusion into larger vesicles was also ob-
served for liposomes composed of multilamellar and large vesi-
cles prepared via the thin film hydration method (Figure S14,
Supporting Information).[34] However, no droplets were formed,
suggesting that the LLPS of GUVs and citropin 1.3 might have
been influenced by the agarose used during GUV prepara-
tion, potentially acting as a crowding agent to facilitate phase
separation.

2.6. Citropin 1.3 Induces Rapid Membrane Disruption, Nucleolar
Accumulation, and LLPS in Human Lung Epithelial Cells

The lethal concentration of the non-amidated citropin 1.3 re-
quired to kill 50% of T2-cells (LC50) was previously reported to

Adv. Sci. 2025, 12, e03997 e03997 (6 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 46, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202503997 by D

E
SY

 - Z
entralbibliothek, W

iley O
nline L

ibrary on [27/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 4. Structure of citropin 1.3 at PBS pH 7.4 in presence of liposomes. A) Polymorph I-L (PDB ID: 9HGT) displaying three peptide chain per layer,
marked I,II,III. B) Polymorph II-L (PDB ID: 9HID) and C) Polymorph III-L (PDB ID: 9HI8) displaying two peptide chain per layer, marked I,II. The three
polymorphs contain potential additional protein chains suggested by an incomplete map flanking the resolved fibril part. A–C) Left panels: atomic model
of a single layer built into the Coulomb density with visualization of low-resolution densities. Middle panels: Three-layered density map featuring the fit
of the atomic model, accompanied by close-up insets highlighting the formed hydrogen bond between Leu16 and Lys8I (A) or Leu16 and Lys7I (B&C).
Left panels: full maps with reported twist. D) Cartoon of residue properties within the fibril cross-section. Hydrophobic, polar, and negatively/positively
charged residues are indicated in white, green, red, and blue, respectively.
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Table 1. Cryo-EM Data collection parameters and map/structure statistics with reported PDB ID.

Pol I Pol II [9HGL] Pol III [9HGB] Pol I-L [9HGT] Pol II-L [9HID] Pol III-L [9HI8]

Magnification 105 000 105 000 105 000 105 000 105 000 105 000

Voltage [kV] 300 300 300 300 300 300

Electron exposure
[e/A2]

40 40 40 50 50 50

Defocus range −0.5,−1,−1.5,−2,
−2.5,−3

−0.5,−1,−1.5,−2,
−2.5,−3

−0.5,−1,−1.5,−2,
−2.5,−3

−0.5,−1,−1.5,
−2,−2.5

−0.5,−1,−1.5,
−2,−2.5

−0.5,−1,−1.5,
−2,−2.5

Pixel size 0.85 0.85 0.85 0.835 0.835 0.835

Nr. of micrographs 7902 7902 7902 8696 8696 8696

Nr. of particles for
reconstruction

1 412 454 126 916 136 893 226 524 161 631 49 778

Symmetry
imposed

C1 C3 C2 C3 C1 C2

Cross-over [Å] 670 467 994 331 207 156

Twist [°] — −1.83 −0.86 −2.58 −4.12 −5.47

Rise [Å] — 4.86 4.87 4.78 4.78 4.74

Map resolution [Å] 4.85 2.88 3.08 2.98 3.20 3.56

Map B-factor [Å2] −245.80 −91.46 −70.60 −85.46 −85.17 −101.23

Molprobity score — 1.17 2.09 1.64 2.44 1.93

Clashscore — 2 5 3 3 2

Rama Plot —

Favoured — 85 76 95 92 87

Allowed — 15 24 5 8 13

Outlier — 0 0 0 0 0

be 34.7 μm.[15] In this study, we quantified its activity against hu-
man lung epithelial cells (A-549) and the LC50 was determined
to be 21 μm (Figure S15, Supporting Information). The same
concentration was subsequently used for live-cell imaging to
monitor the effects of citropin 1.3 on A-549 cells via flu-
orescence microscopy. A-549 cells were stained with wheat
germ agglutinin to label cell membranes, Hoechst 33342
to stain DNA and the nucleus, and propidium iodide to
identify dead cells and nucleic acids. Citropin 1.3 was ap-
plied as a mixture of 1% FITC-labeled and 99% unlabeled
peptide.
Ten minutes after the addition of citropin 1.3 monomers,

the peptides began accumulating on the plasma membrane,
leading to cell death and membrane blebbing (Figure 6A). Fol-
lowing membrane permeabilization and cell death, citropin
1.3 accumulated intracellularly, particularly within the nucleo-
lus, a membraneless nuclear organelle involved in ribosome
biogenesis.[35,36] The colocalization of FITC and Propidium io-
dide (PI) fluorescence intensities was analyzed by plotting their
normalized pixel intensities against one another, yielding a Pear-
son’s correlation coefficient of 0.802 (Figure S16, Supporting In-
formation). This high correlation confirms the colocalization of
the two dyes,[37,38] further supporting the accumulation of cit-
ropin 1.3 in the nucleolus. At later time points (t = 240 min),
droplet-like structures were observed forming in the cytosol
(Figure 6B). FRAP experiments confirmed that citropin 1.3 in-
duced LLPS with cellular components (Figure S17, Supporting
Information).

2.7. Citropin 1.3 Permeabilizes Membranes and Accumulates in
the Cytosol of Bacillus subtilis

The antimicrobial activity of non-amidated citropin 1.3 was pre-
viously reported against the Gram-positive bacterium Micrococ-
cus luteus, with a minimum inhibitory concentration (MIC) of
6.6 μm.[15] In comparison, the amidated form exhibited an MIC
of 12 μg mL−1 (≈7.4 μm) against M. luteus,[19] suggesting that
both forms possess similar antibacterial potency. In this study, we
quantified its activity against Bacillus subtilis, yielding an MIC of
8 μm (Figure S15, Supporting Information). This concentration
was subsequently used to visualize the live interaction of citropin
1.3 with bacterial cells using fluorescence microscopy. Initially,
the peptide bound to the bacterial plasmamembrane (Figure S18,
Supporting Information), and likely through a membrane per-
meabilization mechanism, it induced bacterial cell death, as ev-
idenced by PI uptake (Figure 7A). Over time, citropin 1.3 accu-
mulated in the bacterial cytosol, with only limited colocalization
observed between the peptide and the bacterial genetic material
(Figure 7A).

3. Discussion

AMPs constitute a broad and extensively studied class of
biomolecules, widely regarded as promising alternatives to con-
ventional antibiotics in combating the global crisis of drug-
resistant pathogens.[39] The activity and regulation of AMPs
are governed by diverse mechanisms, one of which involves a

Adv. Sci. 2025, 12, e03997 e03997 (8 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. Interactions between negatively charged GUVs and citropin 1.3 monitored by fluorescence microscopy. A) Time-dependent (0, 10, 17, and
20 min) experiments of the interaction between GUVs with a net negative charge (phospholipids panel, colored in magenta in the merged panel)
and FITC-labeled citropin 1.3 (citropin panels, colored in green in the merged panel). The addition of the citropin 1.3 induced GUV fusion and the
formation of condensates compose of the phospholipids and the peptide (indicated with white triangle). Scale bars, 10 μm. B) Fluorescence recovery
after photobleaching (FRAP) analysis of a single droplet (lightning symbol) formed by GUV–citropin 1.3 interaction reveals fluorescence recovery after
bleaching, consistent with LLPS. Scale bar, 10 μm.

recently proposed hypothesis linking their function to amyloid
fibril formation.[40] This idea is supported by observations that
certain pathological human amyloids, associated with neurode-
generative diseases, exhibit antimicrobial properties.[6,41,42] Our
findings on the non-amidated version of citropin 1.3 provide
compelling evidence of a functional and structural connection
between its antibacterial activity and the formation of amyloid
fibrils.

While the formation of amyloid fibrils and their functional
roles remain incompletely understood, it is evident that local pep-
tide concentration plays a critical role in driving self-assembly.
Notably, the amphibian Xenopus laevis has been reported to se-
crete AMPs at concentrations of ≈3.3 mg mL−1 under basal con-
ditions and up to 20 mg mL−1 in response to stress.[43] These
physiologically high levels suggest that some AMPs may natu-
rally undergo self-aggregation in vivo. This observation raises key

Adv. Sci. 2025, 12, e03997 e03997 (9 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 6. Citropin 1.3 acting against mammalian cells. Fluorescence live cell microscopy visualizing interactions between 21 μm citropin 1.3 and lung
epithelial cells (A-549), tracked using four different fluorophores: citropin 1.3 (1% FITC-labeled and 99% unlabeled), wheat germ agglutinin (WGA),
PI and Hoechst 33342 with colors reported in capture. A) Cell death induced by citropin 1.3 within 10 min of injection, as indicated by PI uptake. The
colocalization of citropin 1.3 and PI-bound cellular components (i.e., containing nucleic acids) is indicated by white at the FITC and PI channels. B) A
frame captured 240 min after the addition of citropin 1.3, showing the formation of peptide-rich droplets. C) Positive control showing cell death induced
by Triton X. D) Negative control of cells without the addition of citropin 1.3. Scale bar: 10 μm.

questions regarding the functional relevance of amyloid forma-
tion in antimicrobial defense: do amyloid fibrils themselves con-
tribute directly to antimicrobial activity, or do they serve as stor-
age depots, disassembling upon contact with lipid membranes
to release active species? An alternative scenario is that soluble
monomeric and oligomeric species are primarily responsible for
membrane interaction and disruption, while the ongoing process
of self-assembly, including interactions with membrane lipids
and other cellular components, plays an active role in membrane
destabilization. In this context, pre-formed fibrils may be inert,
whereas the dynamic process of fibrillation could be essential for

antimicrobial and cytotoxic function. The results of this paper
highlight the importance of further investigating this relation-
ship, particularly in the context of the physiological roles of hu-
man amyloids. Additionally, a deeper understanding of the SAR
in amyloidogenic AMPs is crucial for the rational design and de-
velopment of more effective antimicrobial agents.
Cryo-EM analysis of citropin 1.3 revealed the presence of mul-

tiple fibril morphologies, each forming under distinct aqueous
conditions. This phenomenon of amyloid polymorphism is well-
documented across numerous amyloid structures, displaying a
different energy landscape compared to globular proteins. Such

Adv. Sci. 2025, 12, e03997 e03997 (10 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 7. Citropin 1.3 acting against Bacillus subtilis. Fluorescence live cell microscopy visualizing interactions between citropin 1.3 at 8 μm and Bacillus
subtilis. A) Bacterial death induced by citropin 1.3 is indicated by PI uptake and internalization in cell cytosol. B) Positive control with Triton X and
consequent bacterial death, C) negative control of cells with no peptide added. Scale bar, 5 μm.

polymorphism reflects kinetic trapping driven by environmen-
tal factors, interacting molecules, and inherent variability even
within the same sample.[44–48] Our findings identified at least
ten distinct fibril morphologies, ranging from canonical cross-
𝛽 amyloids to multi-layered nanotubes, and a crystal structure of
a supramolecular 𝛼-helical structure, overall illustrating remark-
able quaternary polymorphism.
Five high-resolution cryo-EM structures of citropin 1.3 fib-

rils were resolved, all exhibiting cross-𝛽 amyloid architecture
with distinct lateral arrangements. Pol II-L and Pol III-L shared
the same peptide fold, differing only in fibril crossover and
twist. Such variations have also been observed in time-dependent
studies of human islet amyloid polypeptide (hIAPP), suggest-
ing that differences in crossover patterns may correspond to
fibril transition states.[44] The citropin 1.3 polymorphs demon-
strated both fully extended and kinked 𝛽-sheets. This intrinsic
chain flexibility is likely attributable to the presence of three
glycines within the 16-residue peptide sequence. Notably, a kink
in the 𝛽-strands of Pol II-L and Pol III-L occurred at Gly14-Gly15
(Figure 4B,C). In contrast, Pol II exhibited a kink around Lys8-
Val9 (Figure 1), while Pol I-L displayed a kink near Val12-Ile13,
preceding the double glycine motif (Figure 4A). These struc-
tural variations emphasize the adaptability of citropin 1.3 fib-
rils and their potential for diverse functional and mechanical
properties.
A key interaction consistently observed across all resolved poly-

morphs was a conserved hydrogen bond between the positively

charged amine of Lys7 or Lys8 and the negatively charged C-
terminal carboxyl group of Leu16 from an adjacent peptide chain.
This inter-chain electrostatic interaction, repeated in each fibril
layer, appears to play a central role in stabilizing the fibril ar-
chitecture. The presence of lysine (or arginine) residues at po-
sitions 7 and 8 is a conserved feature of peptides in the citropin,
aurein, and uperin families, and has been previously implicated
in their antimicrobial activity.[49] However, such electrostatic in-
teractions rely on the availability of a free, negatively charged
C-terminus. C-terminal amidation, a common post-translational
modification in amphibian peptides, neutralizes the terminal
charge and thus would interfere with these stabilizing contacts.
While amidation enhances peptide stability andmembrane inter-
action which are key properties for antimicrobial function,[49] it is
likely to affect fibril formation and morphology. In human amy-
loid systems, C-terminal amidation has been shown to enhance
fibril formation and expand the structural polymorphism of the
resulting assemblies.[50,51] The effects of this and other modifi-
cations on the amyloid properties of AMPs warrant further in-
vestigation. In addition to inter-chain interactions, nearly all cit-
ropin 1.3 polymorphs exhibited a conserved intra-chain hydro-
gen bond between Asp4 and Gly1. An exception was observed in
Pol II, where the N-terminal segment adopts an extended confor-
mation (Figure 1A). Together, these observations highlight the
importance of both inter- and intra-chain interactions in main-
taining fibril stability, while also revealing the structural diversity
among citropin 1.3 polymorphs.

Adv. Sci. 2025, 12, e03997 e03997 (11 of 17) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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An abundant polymorph, observed at pH 5 but limited by res-
olution constraints preventing unambiguous modeling, is Pol I
nanotube structure (Figure 2). This polymorph displayed a qua-
ternary arrangement of three concentric layers, speculated to in-
clude multiple secondary structure assemblies. Features such as
a crossover distance of 670 Å (Figure 2B), reflections at 4.75 Å
in the power spectra (Figure 2A), and densities in the map re-
sembling 𝛽-sheets in the middle layer strongly suggest amyloid-
like properties. Additionally, the reconstructed map’s outer layer
(Figure 2C) suggests the presence of 𝛼-helices wrapping and
decorating the amyloid core. This unique fibril arrangement
simultaneously incorporates 𝛼- and 𝛽-secondary structure ele-
ments, representing an intriguing dual-structural amyloid or-
ganization. Nanotube structures with two to four layers were
also observed under neutral pH conditions (Figure S2, Support-
ing Information). Other amyloid-forming peptides, such as the
phenol-solublemodulins PSM𝛼3 and PSM𝛽2 secreted by Staphy-
lococcus aureus, have previously been shown to form nanotube
structures, as revealed by cryo-EM. These nanotubes consist of
a cross-𝛼 arrangement of mated 𝛼-helical sheets that further
assemble into tubular architectures.[52,53] While the cross-𝛼 ar-
rangement of PSM𝛼3 was initially resolved using X-ray micro-
crystallography,[6] its supramolecular nanotube assembly was
only discernible via cryo-EM.[52] The shared tendency of citropin
1.3 and PSMs to form nanotubes hints at a potential connection
in their SAR. However, the precise role of these nanotubes in
cell membrane disruption remains unclear, warranting further
investigation.
Our findings also demonstrated that the addition of neg-

atively charged liposomes to citropin 1.3 monomers shifted
the aggregation preference from nanotubes to cross-𝛽 amy-
loids (Figure 4). This suggests that cell membranes may in-
fluence the peptide’s aggregation pathways and supramolecular
arrangements. Fluorescence confocal microscopy studies using
different membrane models revealed that citropin 1.3 induced
the fusion of GUVs (Figure 5). This mechanism differs from
the classical membrane lysis typically associated with cationic
AMPs.[54–57] Membrane fusion mediated by citropin 1.3 might
be a consequence of peptide insertion into the membrane, caus-
ing deformation and bringing opposing membranes into close
proximity.[57,58] This fusion mechanism may be linked to in vivo
membrane permeabilization and subsequent cell death, offer-
ing a novel perspective on the antimicrobial activity of citropin
1.3.
Citropin 1.3 with free, charged termini, has a net positive

charge of +1 at neutral pH, primarily consists of hydrophobic
residues (9 out of 16 residues) and adopts an amphipathic 𝛼-
helical structure in its monomeric form. It is hypothesized to in-
teract with negatively charged bacterial membranes, leading to
their disruption or permeabilization.[54–57] Both the cross-𝛽 poly-
morphs and the crystal structure featuring 𝛼-helices revealed sur-
faces characterized by hydrophobic andmostly positively charged
patches (Figure 3; Figure S19, Supporting Information). These
patches may serve as sites for interaction with other peptides, as
suggested by additional densities in the cryo-EMmaps (Figures 1
and 4), or potentially interact directly with membrane lipids. A
similar structural pattern was observed in the active fragment of
the human AMP LL-37, specifically residues 17–29.[8] Yet, this ac-
tive fragment is more positively charged (+4 at neutral pH) than

citropin 1.3, which might lead to differences in the mechanisms
of membrane disruption.
Fluorescence microscopy experiments with GUVs revealed

that liquid condensates formed during membrane fusion, but
only in the presence of agarose which is likely acting as
a molecular crowding agent (Figure 5; Figure S14, Support-
ing Information). The formation of liquid condensates has
been associated with accelerated amyloid fibril aggregation, as
these condensates create localized environments of high pep-
tide concentration.[59–61] Given that both bacterial and eukary-
otic cells secrete macromolecules and polymers that can func-
tion as crowding agents, it is plausible that such condensate-
driven effects may occur under physiological conditions. In flu-
orescence live-cell microscopy experiments, citropin 1.3 rapidly
interacted with the membranes of A-549 mammalian cells, lead-
ing to cell death (Figure 6). Intriguingly, after cell permeabiliza-
tion, the peptide accumulated in the nucleolus, a membraneless
organelle rich in proteins, DNA, and RNA.[62] This localization
is notable as RNA-amyloid interactions are known to facilitate
LLPS, which can modulate protein aggregation.[63–65] For exam-
ple, nuclear proteins undergoing LLPS in response to stress or
DNA damage can transition to fibril formation when dysregu-
lated or mutated. Such processes are linked to neurodegenera-
tive diseases like amyotrophic lateral sclerosis and frontotempo-
ral dementia.[66–68] The accumulation of citropin 1.3 in the RNA-
rich nucleolus aligns with the observed formation of peptide con-
densates (Figure 6A, t = 240 min). AMPs have previously been
proposed to combat bacterial infections by targeting nucleic acids
through phase separation, compacting them to inhibit transcrip-
tion and translation.[69] Our findings connect this mechanism
to amyloid fibril formation, whether on- or off-pathway to LLPS.
These results open new perspectives on the potential of small am-
phiphilic peptides like citropin 1.3 to form heterotypic fibrils with
genetic material. This capability could have implications for im-
munomodulation and developing novel strategies for combating
infections, particularly by targeting RNA or DNA-rich compart-
ments.
Fluorescence microscopy of Bacillus subtilis treated with cit-

ropin 1.3 demonstrated that the peptide effectively killed bacte-
rial cells by disrupting the plasmamembrane (Figure 7). Notably,
no overlap was observed between FITC-labeled citropin 1.3 and
the WGA dye (Figure 7A), which specifically binds to cell wall
components.[70] While some intracellular accumulation of the
peptide was detected, minimal and sporadic colocalization with
bacterial genetic material was observed, and no evidence of LLPS
was detected. The observed differences in peptide localization
and behavior between eukaryotic and prokaryotic cells suggest
distinct mechanisms of cytotoxicity and interactions with cellular
components. In eukaryotic cells, the nucleolus appears to pro-
vide a favorable environment for interactions with citropin 1.3,
potentially facilitating nucleic acid-induced LLPS. In contrast, in
bacterial cells, the absence of such interactions indicates that
citropin 1.3 primarily exerts its antimicrobial effects via mem-
brane disruption rather than through interactions with intracel-
lular components. Themembranes ofGram-positive bacteria and
eukaryotic cells differ significantly in their surface charge: bacte-
rial membranes are predominantly negatively charged, whereas
eukaryotic cell membranes are generally zwitterionic, composed
of both positive and negative head groups. However, eukaryotic
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cancer cells, including the A-549 cells used in this study, ex-
hibit a higher abundance of negatively charged phospholipids,
such as phosphatidylserine, on their outer leaflet compared to
non-cancerous cells.[71] This altered lipid composition facilitates
electrostatic interactions with cationic AMPs, such as citropin
1.3, enabling them to engage with both bacterial and cancer
cell membranes in vitro through initial charge-based attraction.
These findings underscore the context-dependent activity of non-
amidated citropin 1.3 and highlight its distinctmodes of action in
different cell types, emphasizing the peptide’s versatility as both
an antimicrobial agent and a mediator of cellular phase separa-
tion under specific conditions.

4. Conclusion

Overall, our findings reveal the polymorphic nature of non-
amidated citropin 1.3 amyloid structures, including cross-𝛽 fib-
rils and multi-layered nanotubes likely composed of distinct sec-
ondary structure elements, displaying unique structural assem-
blies. Our results further suggest that membranes play a signifi-
cant role in promoting fibrillation into the cross-𝛽 amyloid form.
This interaction mechanism appears distinct from that of uperin
3.5, where lipids stabilize an 𝛼-helical conformation.[6] While cit-
ropin 1.3 fibrils themselves may not directly mediate cytotoxicity,
the fibrillation process likely contributes to regulating the pep-
tide’s activity and target-cell specificity. Additionally, our findings
indicate that certain macromolecules in eukaryotic cells can trig-
ger LLPS of citropin 1.3. LLPS was also observed in the presence
of phospholipids and a crowding agent, highlighting the role of
environmental factors in modulating peptide behavior. Further-
more, the observed colocalization of citropin 1.3 with genetic ma-
terial and the formation of condensates in eukaryotic cells sug-
gest a functional interaction between the peptide and nucleic
acids. This interaction may play a role in regulating the peptide’s
activity, linking its structural versatility to diverse biological func-
tions. Together, these insights highlight the complex interplay be-
tween citropin 1.3′s structural polymorphism, its environmental
context, and its biological activity, offering a deeper understand-
ing of its multifunctionality.

5. Experimental Section
Peptide Aggregation: Non-amidated Citropin 1.3 from Litoria citropa

(Southern bell frog) (Uniprot ID P81846; sequence GLFDIIKKVASVIGGL-
OH) and citropin 1.3 labeled with FITC at the N-terminal end were pur-
chased fromGLBiochem Ltd. (Shanghai) as lyophilized peptides, at>98%
purity. The peptide was incubated in double-distilled water (ddH2O) in 1.5
mL tubes at room temperature without shaking. The optimal incubation
time to produce ordered and dispersed fibrils was monitored over time by
a negative-stain TEM using a Talos L120 (ThermoFisher Scientific). This
time point was used for the preparation of cryo-EM samples.

Fibrils of 0.5 mm FITC-labeled citropin 1.3 (FITC-GLFDIIKKVASVIGGL-
OH) incubated for 24 h in water were imaged using a Talos F200C (Ther-
moFisher Scientific) transmission electron microscope, operating at 200
kV and equipped with a Ceta 16M CMOS camera, at the Ilse Katz Insti-
tute for Nanoscale Science and Technology, Ben Gurion University of the
Negev, Israel.

Liposome and GUVs Preparation: Two distinct methods were used
for the preparation of membrane model systems: Liposomes of multil-
amellar and large unilamellar vesicles, composed of 2:1 molar ratio of
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE): 1,2-dioleoyl-sn-

glycero-3-phosphoglycerol (DOPG), were prepared using the thin layer
method.[72] For the large unilamellar vesicles formation, an extruder de-
vice (Avanti) with 500 nm filters was used onmultilamellar vesicles. These
liposomes were used for the cryo-EM studies in Figure 4 and for the flu-
orescence microscopy experiments in Figure S14 (Supporting Informa-
tion). For the fluorescencemicroscopy experiments, 1% of total lipidmass
of 18:1 Liss Rhod PE (Avanti) was added to each mixture. GUVs, used
for the fluorescence microscopy experiments in Figure 5, were composed
of 2:1 (molar ratio) DOPE:DOPG, prepared as in the agarose swelling
method.[73]

Cryo-Electron Microscopy: For cryo-EM, citropin 1.3 was incubated in
three different conditions: I) 1 mm citropin 1.3 in 50 mm NaCl incubated
for 48 h. The initial pHwasmeasured to be 5, likely resulting from the posi-
tively charged nature of citropin 1.3 and/or residual components frompep-
tide synthesis. However, it cannot be guaranteed that this pH remained
stable throughout the 48-h incubation, as no buffering agent was present.
II) 1mm citropin 1.3 in 10mmPBS at pH 7.4 incubated for 48 h. III) 500 μm
citropin 1.3 in 10 mm PBS at pH 7.4 in the presence of 2.5 mm negatively
charged 1:1 DOPE:DOPG liposomes incubated for 24 h.

For each condition, 3.5 μl of sample were deposited on glow-discharged
holey carbon grids (Quantifoil R2/1, 300 mesh) at 100% humidity and 20
°C, blotted after 10 s of wait time with empirically optimized parameters,
and subsequently plunge-frozen in liquid ethane-propane using a FEI Vit-
robot Mark IV (FEI microsystems). Samples were imaged on a Titan Krios
G3i (ThermoFisher Scientific) transmission electron microscope, oper-
ated at 300 kV and equipped with a Gatan Bioquantumenergy filter oper-
ated in zero-lossmode (20 eV energy slit width), at theMulti-User Cryo-EM
facility operated by the University of Hamburg was located within the CSSB
Centre of Structural Systems Biology on the Science Campus Bahrenfeld,
Hamburg, Germany. Images were acquired on a Gatan K3 electron count-
ing direct detection camera (Gatan Inc.) in dose fractionation mode using
EPU software at a nominal magnification of 105000x. Data collection de-
tails are described in Table 1.

Image Processing and Polymorph Separation: The initial motion correc-
tion and CTF estimation of the motion-corrected micrographs was per-
formed using the MotionCorr2 and CTFFIND 4 implementation in Re-
lion 5.[74–77] Automatic segment picking with inter-segment distance of
300 pixels and filament tracing was then performed in crYOLO,[78] and
found segment coordinates were exported in helix format. Using RELION
5, 2D class averages were computed as a first step of polymorph identifi-
cation. For each identified polymorph the built-in relion_helix_inimodel2d
was used for generating initial models for following 3D refinements using
Blush regularisation in Relion.[77] The final volumes were obtained from
RELION 5 for all polymorphs except for the polymorph I whose final vol-
ume was obtained using cryoSPARC 4.[30] From the obtained densities,
the final volume used for model building was obtained using automatic
B-factor sharpening in Relion.

Model Building: To build atomic models into the obtained maps, an
identical procedure was applied for each polymorph: a single-layered map
was created, a peptidemonomermanually using Coot 0.9.377 and then fit-
ted inside a single helix layer.[79] This set of monomers was then expanded
into three full helix layers in ChimeraX 1.8,[80] using the symmetry param-
eters determined in map refinement. Interactive refinement guided by on-
line molecular dynamics computations was then performed in ISOLDE
1.0b379 within ChimeraX.[81] Next, to mitigate edge effects of the molecu-
lar dynamics calculation, all helix layers but the central one were removed,
and the single layer re expanded to three layers, as above. Model validation
was carried out using MolProbity within Phenix 1.19.180,81.[82,83] The ob-
tained final model was further expanded to helices of arbitrary length using
ChimeraX 1.8 for visualization, secondary structure analysis, Coulomb and
lipophilicity potentials, with default parameters. Map-model per residue
correlation coefficients show satisfactory values outside the aforemen-
tioned peripheral regions and flexible residues.

Peptide Crystallization: Citropin 1.3 was dissolved at 20 mg mL−1 in
20% acetic acid and ddH2O, mixed with a reservoir containing 20%v/v
Glycerol, 8%w/v PEG 8000 and 8%w/v PEG 1000. Crystals were grown
at 20 °C, using the hanging-drop vapor diffusion technique. 5% v/v 2-
methyl-2,4-pentanediol (MPD) was added as cryo-protectant and single
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Table 2. X-ray data collection parameters and structure statistics.

Data collection Citropin 1.3 [9HPP]

Space group P 41 3 2

Cell dimensions

a,b,c [Å] 67.83, 67.83, 67.83

𝛼𝛽𝛾 [°] 90, 90,90

Resolution [Å] 47.97- 1.56 (1.66-1.56)

Rmeas [%] 7.4 (240.7)

I/𝜎[I] 14.65 (0.95)

Completeness [%] 98.1 (90.5)

Redundancy 9.56 (6.72)

Wilson B factor [Å2] 29.08

Refinement

Resolution [Å] 47.96–1.56 (1.66–1.56)

Completeness [%] 97.76

No. reflections 7856

Rwork [%] 28.39 (37.61)

Rfree [%] 32.33 (38.31)

No. non-H atoms 248

Protein 239

Ligand/ion —

Water 9

B-factors [Å2]

Protein 34.19

Ligand/ion —

Water 40.20

R.m.s. deviations

Bond lengths [Å] 0.014

Bond angles [°] 1.153

All-atom clash score 3.86

Number of xtals used
for scaling

One crystal

Values in parentheses are for the highest-resolution shell.

crystals were flash-frozen in liquid nitrogen before X-ray data collection.
Data was collected at the EMBL P14 microfocus beamline at PETRA III at
the Deutsches Elektronen-Synchrotron (DESY) on August 26, 2021.

X-Ray Data Processing, Structure Solution, and Refinement: Diffraction
data from a single crystal was integrated and scaled in XDS to a resolution
of 1.56 Å in space group P 4 3 2 with unit cell parameters (a = b = c =
67.83 Å). Dataset statistics can be found in Table 2.

Initial phases were recovered by molecular replacement with
Phaser using the Phenix GUI. The NMR ensemble of aurein 1.2
(GLFDIIKKIAESF-NH2, pdb 1vm5) supplemented with two copies of
aurein 3.3 (GLFDIVKKIAGHIVSSI-OH) (determined in house, to be
published) was used as the basis of the search model. The 11 N-terminal
residues were kept, the terminal residue was trimmed down to its C𝛾
atom and the last isoleucine was trimmed down to a valine to better
match the citropin 1.3 sequence. The ensemble consisting of 7 models
was finally realigned prior to being used as a search model. A single copy
was found in space group P 41 3 2 and the resulting map allowed for
iterative manual model building and refinement in Coot and Phenix.refine
respectively. The maps revealed a second copy of the citropin 1.3 peptide
that could be fully built. Toward the center of the unit cell, exposed to the
hydrophobic side of the clearly defined citropin 1.3 peptides was residual
density possibly from a low occupancy or disordered third copy which
could not be unambiguously built.

At the positionwhere this third copywould be, it would not contribute to
the propagation of the observed crystallographic lattice. This helps explain
the poor interpretability of the observed electron density and resulting sub-
optimal match between the observed and model-derived structure factors
as represented in the Rwork and Rfree values.

Reprocessing of the diffraction images while lowering the Bravais lattice
type from primitive cubic to either rhombohedral, primitive tetragonal, or
primitive orthogonal did not result in any improvement or segregation of
the electron density of the third copy. One caveat of this approach was the
low completeness of all lower symmetry datasets. Model and refinement
statistics can be found in Table 2.

Minimum Inhibitory Concentration Assay: Lyophilized citropin 1.3 pep-
tide was dissolved in ddH2O water at 1 mM. The peptide stock solution
was then diluted into the bacterial media (Mueller Hinton Broth media) in
a sterile 96-well plate in order to have seven two-fold dilutions of citropin.
10X PrestoBlue solution was added to the well to reach a 1X final con-
centration. Bacillus subtilis (Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH) bacterial cells were diluted to
an optical density measured at 600 nm of 0.1. The diluted cell suspension
was then dispensed into the well of the 96-well plate by diluting it 200-
fold. The plate was then sealed, and the cell growth was followed every 5
min for 24 h using a FLUOstar CLARIOstar (BMG LABTECH) plate reader
by measuring PrestoBlue fluorescence (excitation: 545 nm; emission: 600
nm). Before each measurement, the plate was shaken for 10 s at 100 rpm
using a double orbital shaking mode. For each condition, blank (media
with PrestoBlue) was subtracted and the averaged PrestoBlue intensity
was plotted as a function of time. The MIC was defined as the minimal
concentration inhibiting bacterial growth. Experiments included control
serial dilutions of peptide buffer alone and peptide alone without bacterial
cells. Experiments were performed at least three times and each experi-
ment contained at least two replicates for each condition.

Mammalian Cell Culture and Cell Toxicity: A-549 human lung epithe-
lial cells (A-549) (ACC 107, DSMZ) were grown in RPMI 1640 medium
containing L-glutamine, supplemented with 10% heat-inactivated fetal calf
serum, at 37 °C in 5% CO2. For treatment with the peptide, cells at a con-
centration of 0.125M/mL at a 100 μL volume were incubated in a 96-well
plate for 24 h. On the day of the experiment, cells were washed twice with
PBS and exchanged for 50 μL of fresh media. Citropin 1.3 was dissolved
in ultrapure water, and the concentration was determined using a Nan-
odrop (ThermoFisher Scientific). The peptide stock was then diluted in
RPMI media to the 2x of the starting desired experimental concentrations.
A concentration range of 1–128 μm of peptide was tested, using plate se-
rial dilution with a total final volume per well equal 100 μL. 50 μL of 2x
concentrated peptide was added to each well already containing 50 μL of
media, totaling 100 mL per well. The plate was incubated for 2 h at 37 °C
in 5% CO2. After the incubation period, the plate was spun at 200 g for
10 min. Cell lysis was quantified using the lactate dehydrogenase release
assay, according to themanufacturer’s instructions (LDH; Cytotoxicity De-
tection Kit Plus, Roche Applied Sciences). The absorbance was measured
at 490 nm and the reference wavelength was 690 nm. The luminescent re-
sponse was observed using a plate reader (Clariostar, BGM). The one-way
ANOVA multiple comparison test was employed for the analysis of statis-
tical significance between distinct experimental groups. Experiments were
conducted independently three separate times, each with three technical
replicates. GraphPad Prism 10 (GraphPad Software) was applied for all
statistical analyses of the data.

Fluorescence Light Microscopy Analysis: Human (A-549) and bacteria
(Bacillus subtilis) cells have been stained with 1 μg/mL wheat germ agglu-
tinin (Thermo Fisher Scientific), and 1 μg mL−1 Hoechst 33342 (Thermo
Fisher Scientific) in Hank’s buffered saline solution (HBSS) for 20 min
at 37 °C, 5% CO2 for membrane and nucleus staining, respectively. The
samples were then washed twice with HBSS. Cells were kept in HBSS for
imaging. 0.5 μg mL−1 of propidium iodide was added in the well before
addition of citropin 1.3 (1% FITC-labeled citropin 1.3 and 99% unlabeled).
Bacillus subtilis were fixed on the bottom of the well by coating the well with
a 0.01% solution of Poly-L-Lysine (Merck). Images were recorded using a
Nikon Ti2 equipped with Yokogawa CSU W1 spinning disc unit with two
Hamamatsu sCMOS cameras and a 100×/1.45 NA oil immersion objec-
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tive at the CSSB Advanced Light and Fluorescence Microscopy (ALFM)
Facility. Live cell imaging was performed in 8-well live cell imaging cham-
bers. Experiments with eukaryotic cells have been performed in 5% CO2
environments at 37 °C. Image processing was performed using ImageJ.[84]

Colocalization data analysis was performed by hand-drawing a “region of
interest” (ROI) over an area of interest to then calculate signal intensity
to be then used for the calculation of the Pearson’s correlation coefficient
whichmeasures the pixel-by-pixel covariance in the signal levels.[85] Values
were then normalized and plotted accordingly. The data analysis was per-
formed using the software Origin 2022b. Of note, a control experiment us-
ing 1 μm FITC alone (diluted from a 0.1 mm FITC stock solution in DMSO
in the presence of the GUVs showed no evidence of droplet formation or
phase separation, and likewise following subsequent addition of unlabeled
citropin 1.3. These results confirm that FITC alone does not induce LLPS
under the experimental conditions used, supporting the conclusion that
the observed droplet formation was specifically associated with citropin
1.3.

FRAP Experiment: Fluorescence recovery after photobleaching experi-
ments were performed using a Nikon Ti2 equipped with a Yokogawa CSU
W1 spinning disc unit with an Andor iXon EMCCD camera. In addition,
the microscope was equipped with a FRAP unit from Rapp Optoelectron-
ics. Image processing was performed using ImageJ,[84] the data analysis
was performed using the software Origin 2022b by normalizing each data
point of each measurement.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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